We tagged Agrobacterium tumefaciens cells with a mini-Tn5 transposon containing a promoterless gene encoding a green fluorescent protein (GFP). Some of the GFP-tagged individual bacterial cells exhibited strong green fluorescence, which reflected the expression levels of the GFP-tagged genes. Those cells could be readily detected with a confocal laser scanning microscope (CLSM). We observed that the fluorescence and morphology of A. tumefaciens cells grown in plant tissues resembled those grown in a minimal medium of low pH, which is required for expression of the virulence genes responsible for tumorigenesis. This suggests that GFP-aided CLSM can be used to determine which growth medium is more representative of the nutritional conditions that a pathogen encounters in plant tissues. We also observed that the fluorescence and morphology of A. tumefaciens cells changed dramatically during the course of infection. Our data suggested that A. tumefaciens cells were probably better fed upon successful colonization. We believe that GFP-aided CLSM can help study the fate of A. tumefaciens cells inside plant tissues by monitoring cell morphology and gene expression associated with the infection process in situ. ß
Introduction
Cloning and characterization of virulence genes, avirulence genes and resistance genes have generated a great deal of both genetic and molecular information that can help us understand the molecular events in plant-pathogen interactions [1^3] . However, some of the questions pertaining to plantp athogen interactions have not been investigated intensively at the molecular level. For instance, how do pathogens bene¢t from a successful infection? How do pathogens live inside plant tissues? What kinds of growth conditions do pathogens encounter inside plant tissues? Do pathogens go through physiological changes during the course of infection? In short, what happens to pathogens inside plant tissues has not been closely examined, partly due to inadequate technology to monitor the fate of pathogens inside the host plants in situ during the course of infection.
In order to study what happens to pathogenic bacteria during the course of infection, we tagged Agrobacterium tumefaciens with a mini-Tn5 transposon containing a promoterless gene encoding a green £u-orescent protein (GFP) variant, which produces bright green £uorescence under blue or UV light. GFP can serve as a reporter for studying biological processes in vivo and in real time, as the £uorescence is an intrinsic property of the protein and does not require any cofactors, substrates, or additional gene products [4^6] . A. tumefaciens is a soil-borne plant pathogen that causes crown gall tumors on many plant species by transferring a speci¢c segment (T-DNA) of its tumor-inducing (Ti) plasmid into plant cells, where the T-DNA becomes integrated into the plant genome. The T-DNA contains the oncogenes that cause overproduction of plant hormones and hence tumors [7^9]. We used a confocal laser scanning microscope (CLSM) to monitor the GFPtagged bacterial cells in situ during the infection process.
Materials and methods

Transposon tagging
Escherichia coli S17.1(Vpir) was transformed with pAG408 by electroporation according to Dower et al. [10] . The plasmid pAG408 carried a mini-Tn5 transposon containing the promoterless gfp gene [11] . Transposition of the mini-Tn5 transposon into A. tumefaciens C58 cells was carried out by mixing the freshly grown cell suspension of S17.1(Vpir)-(pAG408) (donor) with that of C58 (recipient) on agar plates of MG/L [12] . The cell density was 5U10 7 cells ml 31 for both the donor and recipient, but the ratio of the cell suspension volume for the donor to the recipient was 1:4. After the mixture was spotted on the plates, they were dried for 1 h at 37³C. They were then incubated at 28³C for 24 h. The bacterial cells were plated onto agar plates of a minimal medium AB [12] containing 100 Wg ml 31 kanamycin. The plates were incubated at 28³C for 2 days. The colonies that appeared on those AB plates were the mini-Tn5 transposon mutants, since the kanamycin resistance is encoded by the mini-Tn5 transposon harbored by a plasmid that can replicate in E. coli S17.1(Vpir) (which cannot grow on the AB medium) but not in A. tumefaciens (which is sensitive to kanamycin).
Inoculation
The leaves of Kalanchoe daigremontiana plants were wounded by a pin brush (28 pins, 1 cm in diameter). Then 5 Wl of bacterial cell suspension (grown on MG/L plates for 2 days and suspended in MG/L at 5U10 8 cells ml 31 ) was inoculated onto each area of the wounds (28 wounds of 0.5 mm in diameter) in£icted by a single pin brush puncturing. The plants were incubated in a growth room at 26³C.
Confocal microscopy
The GFP-tagged bacterial cells were grown on agar plates of MG/L, LB, AB, IB [12] , or MS [13] containing 100 Wg ml 31 kanamycin, or on fresh Kalanchoe tissue sections which were sterile and placed on MS medium. The bacterial cells were examined under a CLSM (Bio-Rad MRC-500) under the 488 nm blue light laser. To observe the bacterial cells inside plant tissues, we made free-hand sections of the tumors at the wound sites and examined them under the confocal microscope.
Results and discussion
We tagged A. tumefaciens C58 cells with the miniTn5 transposon. About 4% of transconjugant colonies exhibited bright green £uorescence under UV light. Eight of 69 £uorescent colonies were chosen to inoculate the leaves of Kalanchoe plants. All of them caused tumors on the plants just like the wild-type A. tumefaciens. The individual A. tumefaciens cells could be readily detected by CLSM. The £uorescence facilitated easy detection of bacterial cells inside plant tissues. In addition, the £uorescence re£ected the expression levels of the GFP-tagged genes, as the A. tumefaciens promoters of the GFPtagged genes controlled the GFP expression (data not shown). One of the eight £uorescent colonies, First, we wanted to determine which growth medium was the most representative of the growth conditions that the A. tumefaciens cells encounter in plant tissues. We streaked CG-19 cells on agar plates of MG/L, LB, AB, IB [12] and MS [13] containing 100 Wg ml 31 kanamycin. When the single colonies appeared on the plates, the bacterial cells were observed under the confocal microscope. As shown in Fig. 1 , the morphology and £uorescence of CG-19 cells grown in MG/L (Fig. 1A) , LB (Fig. 1B) and AB (Fig. 1C) were similar. The growth rates of CG-19 on MG/L, LB and AB plates were also similar, since similar sizes of bacterial colonies appeared 2 days after incubation on those plates. In contrast, the CG-19 cells grown on IB medium (Fig. 1D) were more £uorescent than those on MG/L, LB and AB media (Fig. 1A^C ) (it took 3 days for the bacterial colonies to appear on the IB plates). The cells grown on MS medium (Fig. 1E) were longer than those on MG/L, LB, AB and IB media (Fig. 1A^D) . The growth rate of CG-19 on MS medium was the slowest among the media tested here, since it took about 10 days for the bacterial colonies to appear on the MS plates.
We inoculated CG-19 cells directly onto fresh Ka- lanchoe tissue sections. The bacteria could grow to some extent on those tissue sections. We found that the cells grown on the stem tissue (Fig. 1F) resembled those grown on IB medium (Fig. 1D) . The cells grown on the leaf tissue (data not shown) also looked similar to those grown in IB medium (Fig.  1D ). This suggested that among the media tested, IB (a minimal medium of pH 5.5) was the most representative of the bacterial growth conditions in plant tissues. This is consistent with the fact that the virulence (vir) genes that are directly responsible for processing, transfer and possibly integration of T-DNA are induced in IB medium but not in MG/L, LB and AB media [14, 15] . Therefore, we believe that GFP-aided CLSM can be utilized to determine which growth media are most representative of certain host conditions that a pathogen encounters. Subsequently, we wanted to study what happened to the A. tumefaciens cells inside plant tissues during infection. The bacterial cells inoculated into the wounds of Kalanchoe plants were examined under the confocal microscope at di¡erent time intervals after inoculation. As shown in Fig. 2 , the morphology and £uorescence of the bacterial cells changed dramatically during the course of infection. Three days after inoculation into the plants, the bacterial cells became more £uorescent ( Fig. 2A) as compared to the cells grown on MG/L (Fig. 1A) . Five days after inoculation, however, the £uorescence became almost invisible (Fig. 2B) . Eight days after inoculation, the £uorescence appeared again (Fig. 2C) . Ten days after inoculation, the £uorescence became extremely strong (Fig. 2D) . This suggested that the expression levels of the GFP-tagged gene changed dramatically during the course of infection. This gene expression pattern should be speci¢c for the infection process, since the £uorescence of another transposon mutant (CG-9) in which the GFP was fused onto the A. tumefaciens 16S rRNA gene was constant inside plant tissues during infection (data not shown). Therefore, we believe that GFP-tagging can help monitor the in situ expression levels of the genes relevant to the infection process. This would be useful to further study the fate of the bacteria in the host tissues.
In addition, the bacterial multiplication became very apparent 10 days after inoculation (Fig. 2D) . At that time, the tumors appeared. The bacterial cells also became more spherical than those grown on IB medium (Fig. 1D) or inoculated onto plant tissue sections (Fig. 1F) . We hypothesize that the bacterial cells were better fed upon successful colonization. Several lines of evidence support this hypothesis. (1) The T-DNA of A. tumefaciens contains the genes that are involved in the biosynthesis of opines, a group of novel compounds, which can be utilized by A. tumefaciens via the opine catabolic genes encoded on the Ti plasmid. The tumor cells have been shown to produce opines [7] . (2) It has been previously shown that the shape of a cell is related to the cell growth rate. When the cells are dividing rapidly, they tend to be smaller; when the cells are dividing slowly, they become excessively large [16] . (3) Our own data also support this notion (Fig. 1) . The A. tumefaciens cells grew faster and were more spherical on MG/L, LB and AB media than on IB and MS media. The bacterial cells grew slower on MS than on IB medium; and they were larger and longer on MS than on IB medium.
GFP has been used to facilitate detection of fungal infection [17] and viral movement [18, 19] as well as symbiotic Rhizobium [20] inside plant tissues. Here we report that GFP-aided confocal microscopy enabled us to determine that a minimal medium of pH 5.5 was the most representative of the plant's environment. This is supported by previous observations that the A. tumefaciens vir genes are induced on this medium [14, 15] . We also observed that the morphology and £uorescence of the A. tumefaciens cells tagged with a promoterless GFP gene changed during the course of infection. This suggests that the expression levels of the bacterial genes relevant to infection can be monitored in situ after these genes are tagged with a promoterless GFP gene. In conclusion, GFP-aided CLSM can monitor the morphological changes and gene expression associated with the infection process.
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